Impacts of a range of policy scenarios on end-use energy demand
INTRODUCTION
Energy services that provide comfort, mobility, sustenance and a productive workplace are essential to the U.S. economy. How those services are provided using specific fuel and energy forms coupled with end-use technologies is also inextricably linked to environmental, health, and global climate change issues. The Energy Modeling Forum's study of end-use energy efficiency and energy demand (EMF 25 ) is comparing a number of different energy economic models across a set of eight scenarios. This paper describes the application as part of EMF 25 of MARKAL, a widely used energy system model with extensive technological detail and simulation capability, in conjunction with Inforum LIFT, a large-scale model of the U.S. economy with inter-industry dynamics. This coupling effort allows for the analysis of the response in end-use energy demand, including the changes in end-use technology choices, and the effects on systemwide carbon dioxide emissions.
The analysis considers the complex interrelationships between the U.S. economy and the public, the energy services they use as well as the embedded energy in non-energy products consumed, and the primary and secondary energy forms that are produced and delivered. MARKAL's rich descriptions of the cost and efficiency of end-use devices that convert fuels and electricity into energy services are key components of the analysis of end-use demand, as are the structure of the U.S. economy and consumer behaviors that govern the demand for all products which are captured in LIFT. The modeling approach, coupling technological and economic models, provides insights into:
• demand responses to increase the efficiency of end-use devices, • fuel switching to increase efficiency and reduce CO 2 emissions, • the effect of household income changes on energy demand, • indirect market basket responses of consumers towards less energy and carbon intensive products and services, and • other behavioral responses that affect the demand for energy services.
In this analysis these capabilities are exploited to examine the role that the enduse energy demand response may play in CO 2 emissions reductions for a number of scenarios. This paper focuses primarily on two of the EMF scenarios: a carbon tax scenario where a carbon dioxide emissions tax is applied across the energy system; and a "7% Solution" scenario (referred to as the "7%" scenario in this paper) where consumers select energy equipment based on life-cycle costs calculated with a seven percent discount rate. The discount rate is used to discount future cash flows in order to trade off future energy cost savings against higher investment cost for more efficient end-use technology. In the reference scenario and all EMF scenarios other than the "7%" scenario, the discount rate used in MARKAL for modeling consumer investment choices for energy technology is much higher (15% or more), can vary by technology, and is generally higher for new end-use technologies to reflect barriers to investment by consumers in these new technologies. The "7%" scenario can be considered a normative approach, delivering energy services to consumers at minimum cost within environmental constraints. The carbon tax scenario and the "7%" scenario were chosen for our focus because these two scenarios provided the largest response in delivered energy and carbon emissions, allowing for the best opportunity to analyze the coupling between MARKAL and LIFT. Additional EMF scenarios include the application of a gen-eral delivered energy tax, the implementation of standards on end-use technology efficiency, and the use of subsidies to promote use of more efficient technology options. The details of all of these scenarios can be found in EMF (2010) .
For all of the scenarios, the coupled model runs suggest that the most significant end-use response is in the commercial and residential sectors and the results discussed in this paper are focused in these areas. It should be noted that the version of MARKAL used for the study has considerably more energy efficient technology options available in the residential and commercial sectors as compared to the industrial sector. The potential for response in the industrial sector requires further study. Also, the scenarios did not address the aggressive policies targeted at transportation such as renewable fuel standards or subsidies for high efficiency and electric vehicle technology.
The remainder of this paper is organized into three sections. Section 2, Methodology, provides overview descriptions of MARKAL, LIFT, and the linkage between the two for this analysis. Section 3, Results, presents highlights of the results of the analysis, with a focus on the relative importance of energy efficiency improvements in reducing delivered energy and CO 2 emissions. Section 4, Conclusions, summarizes preliminary conclusions and outlines further research steps.
METHODOLOGY
The focus of EMF 25 on demand analytics requires a modeling effort with a detailed description of end-use devices that convert fuels and electricity into energy services. It also requires a rich description of the structure of the economy including the energy intensive sectors and behaviors that govern those sectors. EMF 25 calls for a hybrid, multi-scale, modeling approach to describe energy services and technology options in detail, and to address the related aspects of behavioral, economic, and environmental factors. In this modeling effort, MARKAL, a technology rich energy system model, is coupled with Inforum LIFT, a large-scale model of the U.S. economy with detailed representations of the producing sectors, consumers, and foreign trade. In this section these two models along with the coupling methodology are described.
MARKAL EPA USNM50
The MARKAL (MARKet ALlocation) model is a data driven, bottomup energy systems model. The initial version of the model was developed in the late 1970s by international teams at Brookhaven National Laboratory and Kernforschungsanlage-Juelich, and has been sponsored by the IEA Energy Technology Assessment Systems Analysis Program (ETSAP). The model currently is used by many countries for research and energy planning. At its core, MARKAL is a least cost optimization model which incorporates numerous dynamic relationships and user-defined constraints which allow for a simulation of the energy system. The MARKAL energy system representation is formed by an input database that captures the flow of energy and technology adoption associated with the extraction or import of resources, the conversion of these resources into useful energy, and the use of this energy in meeting the end-use demands. MARKAL optimizes technology penetrations and fuel use over time, using straightforward linear programming techniques to minimize the net present value of the energy system cost while meeting required energy service demands and various energy, emissions, and behavioral constraints. Outputs of the model include a determination of the technological mix at intervals into the future, estimates of total system cost, use of energy carriers (by type and quantity), estimates of criteria and greenhouse gas (GHG) emissions, and estimates of marginal energy commodity prices. MARKAL outputs a least cost pathway to meet energy needs, but using scenario analysis, the model can also be used to explore how the least cost pathway changes in response to various model input changes, such as the introduction of new policy measures like a carbon tax or subsidies on energy efficient technologies. The multi-sector coverage of a MARKAL database allows simultaneous consideration of both supply-and demand-side measures in meeting emissions or other system goals.
The basis of the MARKAL model framework is a network diagram called a Reference Energy System (RES), which is pictured in Figure 1 . The RES represents energy sources and flows that comprise an energy system. Coverage of the energy system ranges from the import or extraction of primary energy resources, to the conversion of these resources into fuels, and through the use of these fuels by specific technologies to meet end-use energy demands. End-use demands include items such as residential lighting, commercial air conditioning, and automobile vehicle miles traveled. Data used to represent these items include fixed and variable costs, technology availability and efficiency, and pollutant emissions. For a more detailed description of MARKAL see Loulou et al. (2004) .
The MARKAL analysis done for this research uses the U.S. EPA's Office of Research and Development (ORD) USNM50 database. This database contains detailed representations of the U.S. energy system at the national level, over a modeling time horizon that extends from 2000 through 2050. The database covers the supply sectors including power generation and petroleum refining, offering numerous technology options across these sectors. The database also covers the end-use sectors: residential, commercial, transportation, and industrial. Spread across these four sectors, there are 87 energy service demands that can be met by numerous (ϳ1700) end-use technology options of varying efficiency and cost. For example, the commercial and residential sectors have specific technological detail for the following energy service demands: space heating, space cooling, water heating, lighting, ventilation, refrigeration, cooking, and freezing. There are additional "other" technologies that represent aggregate use of electricity, natural gas, and petroleum fuels to meet demands for clothes washing and drying, televisions, personal computers, office equipment, and other electrical demands. The database also contains a detailed representation of air pollutants and GHG emissions, including system-wide coverage of emission factors for CO 2 , NO x , SO 2 and PM 10 . For a more detailed description of an older version of the database see Shay et al. (2006) .
The primary source of data for the database is the Department of Energy's 2009 Annual Energy Outlook (AEO) release (EIA, 2009), which included the economy's response to the American Reinvestment and Recovery Act (ARRA). This information is supplemented with technology and emissions data from other sources, such as the EPA's Office of Transportation and Air Quality and Office of Air Quality Planning and Standards. The reference case is calibrated to the AEO for resource supply and sector fuel and technology use out to the year 2030.
Inforum LIFT
The Inforum LIFT (Long-term Interindustry Forecasting Tool) model is unique among large-scale models of the U.S. economy in that it is based on an input-output (IO) core, and builds macroeconomic forecasts from the bottom up (Meade, 2001) . In fact, this characteristic of LIFT is one of the principles that has guided the development of Inforum models from the beginning. This is in part because the understanding of industry behavior is important in its own right, but also because this parallels how the economy actually works. Investments are made in individual firms in response to market conditions in the industries in which those firms produce and compete. Aggregate investment is simply the sum of these industry investment purchases. Decisions to hire and fire workers are made jointly with investment decisions with a view to the outlook for product demand in each industry. The net result of these hiring and firing decisions across all industries determines total employment, and hence the unemployment rate.
LIFT models 97 producing sectors. The energy sectors include coal, natural gas extraction, crude petroleum, petroleum refining, fuel oil, electric utilities, and natural gas distribution. Despite its industry basis, LIFT is a full macroeconomic model with more than 1200 macroeconomic variables determined either by econometric equation, exogenously or by identity. Certain macrovariables provide important levers for studying effects of government policy. Examples are the monetary base and the personal tax rate. Other macrovariables, such as potential GDP and the associated GDP gap provide a framework for perceiving tightness or slack in the economy.
In the last several years, the LIFT model has been extended through the incorporation of several modules that can be used to study energy demand and supply, and the implications of energy use on carbon emissions. Examples of energy studies performed using LIFT in recent years include Henry and Stokes (2006) 
and the Electrification Coalition (2010).
The model solves annually, and the extensive simultaneity in the model requires an iterative solution for each year. At the beginning of each year's solution, first guesses are made for some important endogenous variables, such as output and prices by industry, import shares, and many macrovariables. Assumptions for exogenous variables are also established. Then the model loop runs, until outputs and other variables converge.
A more detailed discussion of the model loop can be found in (Meade, 2001) . The key steps in the model loop include determining real final demand expenditures, solving the input-output (IO) equations jointly for output, imports, and inventory change, computing employment, and finally computing prices. Final demand expenditures include personal consumption, government expenditures, exports, equipment investment, and construction investment. Personal consumption of individual products is modeled in the consumer demand system known as the Perhaps Adequate Demand System (PADS). This system allows the classification of consumption goods into related expenditure groups, such as food, transportation or medical care. In the demand system, electricity prices affect the demand for natural gas since electricity and natural gas are substitutes in many cases. The demand system's parameters are estimated from historical consumption data. It is possible to guide the level of consumption for individual products. For example if more efficient electric heat pumps are expected to come on line, the amount of electricity consumed can be reduced accordingly. For a more extensive discussion of the consumer demand system, see Almon (1996) . The IO equations are determined by the IO coefficients which represent the quantity of 1. In some cases the IO coefficients are estimated to change over time according to a logistic curve that is estimated from historical data. In other cases, industry forecasts (e.g., the AEO) are used to guide the movements of the IO coefficients in future years.
an input per unit output of a product and are specified to change over time. 1 However, individual coefficients can also be modified, to model changes in price or technology.
The LIFT model was calibrated to be consistent with the AEO 2009 release that includes ARRA. Calibration was done in two stages. In the first stage, industry variables, macroeconomic variables, and IO coefficients were modified to produce a macroeconomic forecast consistent with the AEO. In the second stage, imports, exports, personal consumption expenditures and IO coefficients were modified to calibrate energy and carbon projections from the AEO. For this study, the LIFT projections were made to 2030. As directed by the scenario definitions for this study, the revenue for the tax scenarios is returned to the households annually in the form of lump sum transfer payments.
Model Coupling Methodology
The idea of the model coupling is to combine the detailed treatment of the energy system and technology options for energy supply and utilization in MARKAL EPA USNM50 with the detailed treatment of the U.S. economy in Inforum LIFT. The aim is to capture insights on the response of the energy system to the various scenarios, including changes to the energy mix and end-use technologies, and see how these changes interact with the broader economy.
In this application, prior to the coupling, both models ran the reference scenario calibrated to AEO 2009 as described above. For each of the policy scenarios, the policy was first implemented in MARKAL and the resulting fuel mix and efficiency changes for the entire period out to 2030 relative to the reference case were then incorporated into a LIFT policy run. The LIFT policy run therefore captures the interaction of the broader economy with the policy and energy system responses induced by the policy as measured in MARKAL. Following the LIFT policy runs energy service demands from the LIFT run were estimated and compared to the exogenous MARKAL energy service demands. For any deviations judged to be significant the MARKAL service demands would have been adjusted and the coupling procedure repeated. More detail on this topic is given in the next section discussing the implementation. The methodology used to guide the coupling is shown in Figure 2 .
The coupled model runs reveal what role various parts of the energy system and economy may play in altering energy supply and demand and reducing carbon emissions for the different scenarios. The MARKAL output provides insights into the opportunity for end-use efficiency improvements. It also reveals what role fuel switching may play in different parts of the energy system. The LIFT output from the coupled runs provides insight into what might happen to 
Notes on the Implementation
For each of the scenarios the most significant responses in the energy system occurred within the electric sector, residential sector, commercial sector, and to a lesser extent, the industrial sector. The energy system information extracted from MARKAL and incorporated into LIFT was therefore limited to these areas. For the electric sector and the end-use sectors, the MARKAL response in fuel mix and efficiency was incorporated into the LIFT policy runs. More specifically, the percentage changes in fuels used by the electric sector and fuels and electricity used by the end-use sectors observed in MARKAL were used to modify LIFT's IO coefficients for the producing sectors and guide the energy products consumed in the demand system PADS. An exception was made for the residential sector in the tax cases. In those cases the response in delivered energy measured in MARKAL was not used to guide PADS. Instead the response in delivered energy was determined by PADS alone. These exceptions were driven by decisions made early in the development of the methodology when it was believed there was an important behavioral response in the tax cases that is captured (implicitly) by LIFT's demand system. The decision to fully rely on PADS has led to an interesting comparison in the demand response dynamics in MARKAL and LIFT that will be discussed in the results.
Rules of thumb were developed in some initial test runs for this study to determine how large the change in the service demand needed to be in order to warrant further iteration of the coupling methodology. Based on these rules it was determined that iteration was not necessary for any of the scenarios. The estimated service demand changes were relatively small across the scenarios. In a few instances an individual sector's service demand change was as high as 3% but was typically less than 1.5%.
For all of the data that were extracted from MARKAL and incorporated into LIFT, a simple moving average algorithm was applied to remove some of the volatility that is characteristic of energy optimization models.
These models react to cost estimates and price changes as well as numerous constraints and relationships derived from technical and econometric Energy Demand Analytics / 181 analyses. Given the uncertainties regarding future costs and prices in particular, sensitivity analysis is extremely important. Figure 3 shows that all of the EMF scenarios in the coupled model runs lead to reductions in carbon dioxide emissions, though there is significant variation in the magnitude of the reductions across the cases. In this section of the paper the drivers of these reductions are considered. First the responses in enduse energy demand are studied including energy efficiency improvements, fuel switching, and any indirect economy-wide impacts. Second the carbon emissions reductions attributed to the end-use demand response are compared to the carbon emission reductions attributed to changes in the electric sector. The results presented here are primarily focused on the carbon tax and "7%" scenarios which exhibit relatively large reductions in carbon emissions as shown in Figure 3 .
RESULTS

End-use Energy Demand Responses
For all of the EMF scenarios the most significant responses in delivered energy occurred in the residential and commercial sectors. Figure 4 compares the 2025 reductions in delivered energy in these sectors for selected cases. As the figure indicates, the reductions in delivered energy were moderate for all of the scenarios except the "7%" scenario.
The reductions in delivered energy are driven by a number of sources. Figure 5 shows the mix of delivered energy for commercial and residential space heating, space cooling, and water heating for selected scenarios in 2025. Note that in the coupling of the models the fuel mix changes and efficiency improvements were extracted from MARKAL and incorporated into the LIFT policy runs for most sectors (see the coupling discussion above for specifics). The data presented in Figure 5 is taken directly from the MARKAL runs. As the bar charts in Figure 5 indicate there is not a significant shift in the delivered energy mix for these services. The efficiency improvements on the other hand appear to be substantial especially in the "7%" scenario. Overall, delivered energy for these services decreases by 5% and 13% for the carbon tax scenario and "7%" scenario, respectively, relative to the reference scenario.
Turning to the end-use device efficiency improvements, consider the electric devices used to satisfy space heating, cooling, and water heating demands. Relative to the reference scenario, the mix of these devices is 9% more efficient with the carbon tax and 34% more efficient in the "7%" scenario. Figure 6 gives the percentage changes in residential electricity use efficiency for each of the service demands individually in the "7%" and carbon tax scenarios. Similar to Figure 5 it is taken directly from the MARKAL runs. The figure indicates that there is a significant opportunity for efficiency improvement in electric water heating technology. The carbon tax leads to a partial replacement of the primary reference case electric water heating technology with instantaneous electric water heating technology which has an efficiency that is approximately two and half times greater and whose capital cost is nearly three times greater. In the "7%" scenario the reference case electric water heating technology stock is entirely replaced with the instantaneous electric water heating technology.
The efficiency improvements in commercial electric water heating were equally impressive in the carbon tax and "7%" scenarios. The commercial sector improvements were driven by the penetration of solar water heating technology. In the carbon tax case, solar water heaters performed 25% of the water heating by 2030. This percentage increased to 35% in the "7%" scenario.
The substantial efficiency improvements for electric space heating and cooling devices in the "7%" scenario shown in Figure 6 are driven by a considerable penetration of ground source heat pumps. By 2025, over 11% of space heating demand is satisfied by ground source heat pumps. None of the other scenarios approached this level of penetration.
The "7%" scenario extends the concept of least cost capacity expansion as applied in the electric utility sector to the entire energy system. The modeling results demonstrate that by applying the same investment criteria to both supply and end-use technologies the "7%" scenario encourages more balanced investment patterns that results in much higher efficiency in the end-use devices as compared to the reference case and the other alternative scenarios.
Sensitivity runs were performed for the carbon tax scenario in which the sensitivity of the efficiency improvements to delivered energy prices was examined. Changing the delivered energy prices had little impact on the efficiency improvements in response to the carbon tax. The efficiency responses observed in carbon tax runs in which pre-tax prices were either increased or decreased by 15% were typically within one percent of the carbon tax results presented here. The responses were within two percent when prices were changed by 25%.
The tax scenarios in which LIFT's consumer demand system PADS solely determined the response in delivered energy for the residential sector pro- vided an interesting contrast to the delivered energy response seen in MARKAL. Figure 7 plots the percentage change in natural gas and electricity use for the two models for the carbon tax scenario. Note that the LIFT results suggest a much stronger fuel switching effect than the MARKAL results.
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Figure 8: Percent Change in Real Disposable Income Relative to the Reference Scenario
These differences illustrate the challenge of linking as well as the value of employing two types of models. LIFT's consumer demand system PADS does not model end-use technologies explicitly but does take into account historically observed behaviors. The fuel switching observed in the LIFT output in the carbon tax scenario warrants further investigation.
In addition to the efficiency improvements and fuel mix changes, the broader economy can impact the delivered energy response. The scenarios affecting the energy system can affect the health of the economy and thus influence household income and the overall activity of the economy. The policies can also impact the product mix which may lead to structural change in the economy.
The results indicate, however, that these indirect effects on delivered energy are dominated by the direct effects of fuel switching and efficiency improvements discussed above. This dominance was seen in all modeled scenarios. The indirect effects are however important in their own right. Figure 8 shows the percentage change in real disposable income for selected EMF scenarios. The carbon tax scenario has the largest impact on income (and GDP). For this scenario income is nearly one percent below the reference case level by 2025. Note that this decrease could be impacted by a number of factors including implementation of similar policies by other countries. These results assume other countries do not implement similar policies.
The carbon tax and sales tax result in some volatility in the deviation of real disposable income from the reference case. The LIFT model, like the actual economy, follows a long-run potential growth path that is determined by average labor force growth and average labor productivity growth. When the actual path of GDP is above the potential GDP level, interest rates rise, inflation accelerates, income support payments decline, and average tax rates increase. When GDP is below potential, the opposite effects occur. After an economy-wide price shock such as an oil price increase or a carbon tax, GDP growth is reduced, but these "automatic stabilizers" tend to bring GDP back to the long-run growth path. Figure 9 shows the product mix changes at an aggregate level for the carbon tax scenario. As expected the magnitudes of the percentage changes in output reflect the carbon intensity of the sectors with the largest decrease in the energy sector and the smallest in the service sector. Note that the transportation industry refers to the sector in which transportation services are sold as a commodity. Further examination of the output data reveals that while there is a small contraction in domestic demand (1.7% by 2030) the reduction in output is primarily attributable to a reduction in exports which is also plotted in the chart. The reduction in exports is due to higher costs associated with the tax but it should again be noted that these results could be impacted by many factors including other countries implementing similar taxes. In concluding the discussion of the end-use energy demand responses, the mostly moderate and sometimes significant ("7% scenario") reductions in delivered energy are driven by direct energy efficiency improvements. Fuel switching and indirect economy-wide impacts on energy demand play a secondary role although impacts on output for certain industries could potentially be significant.
Carbon Emissions Reductions
The decrease in end-use demand does reduce emissions but the magnitudes of these emissions reductions are much less than those associated with decarbonization in the electric sector. Figure 11 and Figure 12 show the reductions in carbon dioxide emissions from the reference case for the carbon tax scenario and "7%" scenario, respectively, and attributes the reductions to the end use or the electric sector. In this decomposition the end use is credited with the emissions reductions in the electric sector that are due to reduced electricity demand as well The end-use wedges account for the reductions due to both fuel switching and the more dominant efficiency improvements. Clearly the most significant emissions reductions are in the carbon tax case and this is driven by the fuel switching and carbon sequestration in the electric sector. Figure 13 gives the Energy Demand Analytics / 189
Figure 13: Electricity Production by Fuel and Type electricity production by fuel and type for the reference and the carbon tax scenarios. The mixes of electricity production for the other policy scenarios were very similar to the reference scenario.
For these alternative scenarios which did not lead to much de-carbonization in the electric sector the overall emissions reductions were more modest. Even so Figure 12 shows that the emissions reductions in the "7%" scenario were not insignificant. In this case the largest reductions were attributed to the residential sector in which there were significant end-use efficiency improvements. Note that the industrial and transportation sector wedges are not shown because they were negligible.
CONCLUSIONS
The application of a detailed and technology-rich model of the U.S. energy system coupled with a dynamic inter-industry model of the U.S. economy is particularly relevant to the analysis of tax and regulatory policies and standards designed to transform the energy system to a more efficient and lower carbon state. The hybrid modeling methodology that has been demonstrated here provides insight into the interactions of technological and behavioral factors in response to energy policy shifts.
The dominant responses to the policy scenarios defined for EMF 25 are fuel switching, primarily in the electric sector, as a result of the carbon tax, and end-use efficiency improvements resulting from the life-cycle optimal investments on the demand side captured in the normative "7%" scenario.
The efficiency responses to the alternative policies were modest. This reflects the simulation of consumer behaviors by requiring a short-term payback for investments in more efficient but higher cost end-use devices. While this descriptive formulation, keyed to consumer expectations for a period of ownership less than the equipment lifetime, does capture consumer behavior it does not represent a life-cycle payback formulation that is in the societal interest. The "7%" scenario takes a normative approach from the perspective of a notional Energy Services Utility that delivers energy services at minimum cost within environmental and economic constraints. This normative approach was one of the original design concepts embodied in MARKAL through a robust description of energy services and options. Thus, MARKAL can extend the concept of least-cost capacity expansion as applied in the electric utility sector to the entire energy system encompassing all fuel and energy forms and all essential energy services. The results of the "7%" scenario show an improved balance between investments in energy supplies and end-use systems with a significant impact on end-use efficiency, even without tax incentives. It illustrates the larger potential for more efficient technologies that could be captured through aggressive standards and regulation as well as more informed consumer responses using "smart" end-use devices.
Future Research
In addition to demonstration of the coupled model approach on EMF scenarios, experience using MARKAL and LIFT has provided insights for potential future energy policy analysis:
• Significant efficiency improvements seem possible in end-use systems that are cost-effective, but limited by behavioral and market factors. The end-use efficiency in the EMF scenario in which the carbon tax was coupled with more stringent standards was only slightly improved from the carbon tax scenario. Given the large improvements in energy efficiency in the "7%" scenario over what was achieved with the carbon tax it appears that significant potential exists to combine policies to overcome barriers to investment in efficient technology with tax incentives to switch to less carbon intensive fuels.
• Limited analysis on a regional basis using the EPA US9r MARKAL database which represents the U.S. in nine regions indicates major variations across the U.S., highlighting the need for increased regional analysis of technical opportunities and constraints, such as solar availability, water, and land use.
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• Examination of parameters characterizing end-use technologies in the residential, commercial, and transportation sectors shows significant differences between city, suburban, and rural environments. An increased focus and research appears to be required on the unique aspects of high population density urban areas that offer potential for new end-use technologies, but that also pose severe infrastructure challenges.
• The large reduction in carbon emissions observed in the carbon tax scenario due to a shift away from coal in the electric sector suggests the potential for future carbon reductions by extending the capabilities for fuel switching beyond the electric sector to residential, commercial, and transportation sectors using dual fuel technologies.
• The significant efficiency improvement observed in the "7%" scenario raises the controversial issue of the appropriate discount rate for future analysis. Further sensitivity analysis with respect to this parameter could produce some interesting results.
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